The presence of hyperglycemia in individuals with Type 2 Diabetes Mellitus (T2DM) is associated with systemic complications within multiple organ systems. Specifically, patients with T2DM have an increased risk of developing vascular endothelial damage. Interestingly, patients with T2DM are often found to be deficient in vitamin D, a fat-soluble vitamin that not only plays a role in bone growth and gastrointestinal nutrient absorption, but insulin resistance as well. Thus, the purpose of this review is to summarize the literature that associates vitamin D deficiencies with vascular complications in both human and animal models with T2DM. This review will also summarize developments in genetic testing for VDR mutations and their potential role in diabetes progression, as well as the effects of vitamin D supplementation in patients with T2DM. Since T2DM is an increasingly prevalent disease, it is important to continue evaluating current research that investigates not only genetic causal factors for the disease, but also preventative options (such as vitamin D supplementation) that could potentially be used alongside pharmacological treatments.
Introduction
By the year 2030, the number of individuals with Type 2 Diabetes Mellitus (T2DM) is expected to increase from 371 million to over 500 million people worldwide (1) . T2DM is characterized by the presence of hyperglycemia, where blood glucose levels remain elevated due to decreased insulin sensitivity (1) . Uncontrolled hyperglycemia has been found to increase the mitochondrial production of reactive oxygen species (ROS) in the body (2, 3) . ROS molecules are highly reactive and unstable oxygen-containing molecules that inappropriately interact with normal regulatory enzymes and proteins. Ultimately, this leads to the premature activation of many biochemical pathways that are thought to be responsible for the development of vascular complications in TD2M patients with fluctuating glucose levels (2) . For example, studies show that microvascular dysfunction of the kidneys and eyes can be attributed to the hyperactivation of the protein-kinase C (PKC) pathway which increases inflammatory cytokine release and growth factor gene expression (2, 3) . Hyperactivation of the polyol pathway perpetuates microvascular endothelial damage due to the accumulation of sorbitol, while the accumulation of advanced glycylated end (AGE) products induces apoptosis and inflammation in retinal pericytes (3) . Macrovascular dysfunction at the level of the vascular endothelium has been attributed to the inhibition of endothelial nitric-oxide synthase (eNOS) by ROS molecules, which decreases the normal vasodilation effect of NO and increases vascular resistance and inflammation (3) .
Interestingly, T2DM patients with fluctuating glucose levels have been shown to have lower-thannormal levels of vitamin D (4). The optimal level of blood vitamin D to allow for normal bone growth and normal physiological function as set by Health Canada and the Institute of Medicine is any value equal to or greater than 50 nmol/L (5). Vitamin D deficiency refers to individuals with blood vitamin D levels less than 30 nmol/L (5, 6). A 2012 study found that nearly 32% of Canadians are below the 50 nmol/L target, while 10% of all Canadians are vitamin D deficient (7). Large-scale longitudinal studies and smaller cohort studies conducted since 2010 have found that T2DM patients have lower vitamin D levels than non-diabetic patients (8, 9, 10) . Additionally, the risk of developing T2DM in the first place is significantly higher in patients who are severely vitamin D deficient (less than 12 nmol/L) compared to patients whose blood vitamin D levels are well above 50 nmol/L (11).
Besides its involvement in skeletal growth and calcium regulation, the vitamin D receptor (VDR) is found on pancreatic beta cells and helps increase insulin sensitivity and secretion (12) . Thus, deficiencies in vitamin D or the VDR are associated with the presence and progression of T2DM, where insulin sensitivity is impaired and leads to inflammation and further complications (13 articles that were primary peer-reviewed articles from both basic and applied science disciplines. The only exclusion criteria were articles that were review papers or secondary articles, with the exception of particularly recent (since 2014) review articles whose findings were exceptionally concise and specific to the sub-topics discussed in this literature review. Articles published beyond the past 10 years were not included for the purpose of providing the most recent, up to date findings relevant to this topic, with the exception of one article published in 2006 that was one of the first cross-sectional studies to highlight the link between intimal medial thickening (IMT) and serum vitamin D levels in T2DM patients.
Vitamin D deficiency may lead to macrovascular endothelial dysfunction in T2DM patients
Macrovascular endothelial dysfunction is typically defined as any disturbances in larger arterial blood vessels that lead to complications such as myocardial infarctions and cerebrovascular incidents (15) . It has been found that T2DM patients are more prone to developing cardiovascular disease due to the increased number of risk factors typically seen in these patients (hypertension, obesity), however changes in blood vessel structure have been observed in juvenile diabetic patients who do not have these risk factors (16, 17) . While many factors contribute to macrovascular endothelial damage (presence of hypertension, dyslipidemia, genetic factors), the biochemical end-result is a decrease in the production of the vasodilator NO. This leads to a lack of plasminogen, an anti-clotting enzyme that is usually activated by NO (3). Ultimately, this causes increased inflammatory cell deposition in the endothelium and an increased number of fibrotic plaques in the larger blood vessels (3) .
Recent studies indicate that vitamin D may actually decrease the activity of these thrombotic pathways, thus decreasing inflammation and preventing atherosclerosis progression (18) . Nardin and colleagues recently found that diabetic patients with vitamin D deficiency had increased prevalence of coronary artery disease (CAD) when examined using coronary angiograph (18) . This finding was consistent for both male and female patients, although the researchers did not take into account the duration of the diabetes diagnosis for these patients.
Another study analyzed the IMT of the carotid artery in patients with T2DM, since IMT is a clinical marker for atherosclerosis (19) . This study found that 130 diabetic patients with vitamin D deficiency had significantly greater IMT compared to 260 diabetic patients who were not vitamin D deficient (19) . In the data analysis, the researchers also excluded patients who were taking statin medications (drugs that decrease atherosclerosis plaque build-up) yet the results remained statistically significant. Thus, the researchers demonstrated that vitamin D deficiency has a strong association with increased IMT and atherosclerosis development.
Based on the results of these studies, it would be interesting to investigate any beneficial interactions between vitamin D supplementation and the drugs used to manage hyperglycemia in diabetic patients. For example, one of the drugs used to treat T2DM is a class called sulfonylureas. Unfortunately, sulfonylureas may increase the risk of cardiovascular complications hence why physicians preferentially prescribe metformin (20) . It would therefore be of interest for researchers to investigate the cotreatment of sulfonylureas paired with vitamin D supplements, and observe if this pairing can simultaneously treat T2DM while decreasing the risk of cardiovascular damage associated with the drug.
A 2013 study compared the effects of vitamin D supplementation on a large sample of T2DM patients taking various anti-hyperglycemia drugs Western Undergraduate Research Journal REVIEW ARTICLE such as insulin alone, insulin and oral medication, metformin alone, or sulfonylureas alone (21) . They found that vitamin D supplementation did not adversely affect the anti-hyperglycemia effects of any of the drug treatment groups, and the insulin and oral medication combination group had the greatest improvement in blood HDL, triglycerides and blood pressure. Most interestingly, the sulfonylurea only group did not experience a significant change in blood HDL levels (21) . This was an interesting finding because clinicians often observe a decrease in HDL in diabetic patients who are prescribed sulfonylureas (21) . It can therefore be postulated that vitamin D supplementation may be an ideal solution to prevent the decrease in blood HDL levels typically seen in patients prescribed sulfonylureas.
Microvascular complications in diabetic patients due to vitamin D deficiency
Microvascular complications are defined as damage that occurs in small blood vessels, leading to vascular dysfunction typically in the eyes (retinopathy) or nervous system (neuropathy) (15) . For example, microvascular complications in diabetic patients are the leading cause of kidney failure (22) . Research shows that this type of vascular damage occurs due to over-activation of the reninangiotensin-aldosterone system (RAAS), leading to abnormal protein excretion (proteinuria) (13) . Recently, studies hypothesized that vitamin D may prevent RAAS hyperstimulation and vascular kidney damage. Usluogullari and colleagues analyzed over 500 diabetic patients over a three-month period. Not only did diabetic patients have increased prevalence of nephropathy, but those with vitamin D deficiency had more severe nephropathy complications compared to diabetic patients who were not vitamin D deficient (13) .
The hypothesis that vitamin D can prevent microvascular damage in patients with T2DM has also been recently tested on animal models. A study by Zhang and colleagues treated diabetic rats with calcitrol (the active form of vitamin D) and found that treatment decreased proteinuria in these rats and increased the expression of nephrin and podocin, proteins that are essential for supporting the structural integrity of kidney podocytes (23) .
These studies collectively show that vitamin D influences vascular integrity of the kidneys in both diabetic patients and animal models. Due to the severe morbidity and mortality associated with the progression of diabetic nephropathy, research needs to focus on prevention in addition to treatment. It would therefore be ideal for clinicians to screen newly diagnosed diabetic patients for vitamin D deficiency and then immediately prescribe drug treatments to prevent microvascular complications before they happen.
VDR genetic polymorphisms may explain vascular complications in diabetic patients
Unfortunately, there have been variable results regarding the possibility that polymorphisms in the VDR gene influence T2DM progression. The inconsistent results are mostly likely due to the fact that the VDR gene is large (75kb) and the fact that different ethnic groups appear to have varying allele frequencies thus making it difficult to isolate and study specific mutations in the gene (24) .
A 2009 study genotyped patients with Type I diabetes, and found that the BsmI genotype of the VDR gene had a significant association with diabetic nephropathy (25) . This finding was expected because Type I diabetes is a genetically inherited disease, but researchers wanted to further investigate genetic polymorphisms for T2DM, which is an adult-onset, non-genetic disease. To do so, researchers started looking at single nucleotide polymorphisms (SNPs) in the gene that encodes for the VDR, and they tried to categorize these SNPs depending on the ethnicity of the patients, as SNPs can vary depending on ethnicity. The results were conflicting: the FokI polymorphism was strongly associated with T2DM in an Asian population, whereas another study found no association between FokI and T2DM complications in a Polish Caucasian population (26) .
Another recent study investigated changes in the SNPs for the TaqI and FokI polymorphisms of the VDR, specifically in post-menopausal women with T2DM. They found that there was no significant difference in the TaqI or FokI polymorphisms between diabetic post-menopausal women and the healthy control group (26) . However, they found that the recessive ff phenotype in the FokI polymorphism was associated with increased risk of CAD in these women (26) . Unfortunately, this study had many limitations in that the sample size was small and while all the women were from Brazil, specific ethnic backgrounds were not taken into account during data analysis. Other researchers analyzed VDR mutations in 264 T2DM patients from the United Arab Emirates. They found that T2DM patients with the Western Undergraduate Research Journal REVIEW ARTICLE TaqI mutation had higher LDL and total cholesterol levels compared to T2DM patients who had the BsmI mutation (27) . They were even able to specify that the AG and GG genotypes within the TaqI group had a stronger association with increased LDL and total cholesterol levels (27) . A more recent study wanted to observe the physiological changes associated with different genotype frequencies of the FokI VDR polymorphism in a group of T2DM patients with or without foot ulcers, a common end-result of diabetic peripheral neuropathy (28) . The study compared serum levels of thiobarbituric acid reactive substances (TBARS), a marker of oxidative stress, and visually analyzed changes or development of foot ulcers in the patient population using Wagner's grading system for foot ulcers. The study found that the number of patients with TC and TT genotypes was significantly higher in the patient population with diabetic foot ulcers compared to the population without foot ulcers (28) . In general, the patients with more severe disease progression in their foot ulcers were more likely to be carriers of the T allele in their VDR gene (28) . Additionally, the frequency of the T allele was higher in patients with elevated levels of TBARS (28) . Thus, the presence or absence of specific genotypes within the VDR gene in patients with T2DM may be predicative of a patient's risk for experiencing more aggressive vascular disease progression (28) . Scientists should continue to collaborate and investigate which specific mutations in the VDR are predictive of vascular complications, and how dependent these mutations are on ethnicity.
Use of vitamin D supplementation in preventing and treating vascular complications associated with T2DM
One of the biggest controversies in this area of research is whether vitamin D supplementation is actually effective for treating vascular damage in patients with T2DM. According to the 2016 chapter on Nutrition Therapy from Diabetes Canada Clinical Practice Guidelines, vitamin supplementation in general has yet to be recommended for diabetic patients, and vitamin D supplementation of 10μg (equivalent to 400 IU/d) is only recommended for otherwise healthy patients who are 50 years of age and older (29) . In terms of dosage, it should be noted that longitudinal and observational studies performed on diabetic patients typically administer larger doses (>1000 IU/d) compared to the 400 IU/d daily supplementation recommended by Health Canada. This is because doses >1000 IU/d are thought to be the optimal dose required to cause detectable, sustainable increases in serum vitamin D levels, and larger doses are usually administered for shorter periods of time (30, 31) .
A recent study administered 50 000 IU of a vitamin D supplement every two weeks for six months to T2DM patients with CAD. Supplementation improved their glycemic control and blood NO levels compared to T2DM patients who received a placebo (32) . Another study found that a single, 100 000 IU dose of vitamin D given to patients with T2DM improved endothelial function (vasodilation of the brachial artery) but only significantly decreased systolic blood pressure compared to patients who received a placebo (33) . Conversely, one study found that T2DM patients given 4000 IU/day for two months had slightly improved HbA1c levels compared to T2DM patients who did not receive supplementation, but there was no improvement in relative insulin resistance (34) . Additionally, a study using diabetic rats investigated the presence of serum asymmetric dimethylarginine (ADMA), a marker of vascular damage that decreases nitric oxide production and thus decreases arterial elasticity (35) . They found that the integrity of the aorta was significantly improved in diabetic rats that received 500 IU/kg of vitamin D supplementation for ten weeks compared to untreated diabetic rats (35) . It is therefore important that future studies determine a specific supplementation dose range that is effective in the majority of T2DM patients regardless of any other pre-existing or progressing diseases that they may already have, such as CAD. It should be noted that vitamin D toxicity caused by excessive supplementation is actually uncommon, and only occurs when blood vitamin D levels exceed 250-375 nmol/L (36).
Conclusion
It is evident that patients with T2DM are more likely to suffer from vitamin D deficiency, and this deficiency can lead to many vascular complications. Macrovascular (at the level of the arteries) and microvascular (at the level of blood vessels and individual organs) complications are equally prominent in T2DM. Studies hypothesize that genetic polymorphisms in the vitamin D receptor may be responsible for the vascular complications seen in T2DM patients. However, the results of these studies are conflicting, as are the results of studies investigating vitamin D supplementation as an exploratory treatment to prevent vascular damage in 
